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We report an enhancement of low-ﬁeld, high-frequency magneto-impedance (MI) response and
circumferential domain structures of melt-extracted amorphous Co69.25Fe4.25Si13B13.5 microwires by dc
Joule annealing. The current amplitudes of 5 mA, 10 mA, and 20 mA were applied to amorphous
microwires for different time treatments. The magnetic ﬁeld dependence of impedance and circumfer-
ential domain structure of the microwires were explored using an impedance analyzer over a high
frequency range (20 MHze1000 MHz) and magnetic force microscopy (MFM), respectively. Conse-
quently, the optimum value of 5 mA current for 20 min markedly improved the MI ratio up to 610% (1.7
times of 380% from the as-cast state) at a working frequency of 20 MHz. Moreover, the magnetic ﬁeld
sensitivity has been achieved up to 500%/Oe (more than two times of 225%/Oe from the as-cast one) at a
frequency of 40 MHz. MFM images clearly show the development of a well-deﬁned circumferential
domain structure of the annealed microwire comparing with the as-cast one. The improvement of the
high-frequency MI response in Co-rich amorphous microwires is promising for sensitive magnetic
microsensors for low ﬁeld detection.
© 2016 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Amorphous magnetic materials (“metallic glasses”) have been
the subject of great attention in recent years due to their
outstanding soft magnetic properties, i.e., low magnetostriction,
high saturation magnetization, high permeability, and low coer-
civity, which are promising for sensing technology applications
[1e3]. The discovery of a giant magneto-impedance (GMI) effect,
which refers to a large change in the complex impedance of a
ferromagnetic conductor in response to a dc magnetic ﬁeld, in this
type of material [4,5] hasmade it ideal for applications inweak ﬁeld
sensing and biodetection [2,6,7]. GMI relates to a skin depth effect
in a magnetic medium resulting from an alternating current
applied to a soft ferromagnetic conductor. The major contributorsonal University, Hanoi.
y Elsevier B.V. on behalf of Vietnamto the skin depth ðdÞ are ac frequency ðf Þ, electrical resistivity ðrÞ,
and circumferential permeability ðm1∅Þ, and they are related by d ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r=pm∅f
p
[2,4,5]. The most tunable parameter is m∅; which is
associated with domain-wall displacement and rotational
magnetization.
In recent years, progress in fabrication and characterization of
the amorphous magnetic materials such as wires [8], microwires
[9e12], ribbons [13,14], and thin ﬁlms [15] has been extensively
studied. Various technologies of microwire fabrication, such as in-
rotating-water quenching [10], glass-coating [11], and melt-
extraction [12] have been employed to improve mechanical prop-
erties and GMI effect [16]. Among these techniques, melt-
extraction provides great mechanical properties, sufﬁcient length
scales (30e60 mm in diameter, and typically several meters in
length), tailoring ability, and pronounced GMI properties [17,18].
However, internal stresses are introduced during the rapid cooling
process, which can deteriorate GMI response in amorphous
microwires. Joule-heating is one of themost efﬁcient techniques for
improved GMI ratio and magnetic ﬁeld sensitivity ðhÞ forNational University, Hanoi. This is an open access article under the CC BY license
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evolution of amorphous microstructures, such as the release of
residual stresses, can enhance circular magnetic domain structures
resulting in an increased GMI effect [19e21].
It has been reported that the GMI ratio and h of Co-based
amorphous microwires, parameters which determine the ability
of a sensing application, has been experimentally achieved up to
300%, and 500%/Oe (at f z 10 MHz), respectively [22,23]. The
improvement of the GMI effect at low frequency (250 kHz) was also
reported in Joule-heated Co-based amorphous wires using low dc
current annealing in vacuum [24]. Zhukov et al. [25] tailored the
GMI effect in amorphous Co-rich microwires by controlling the
internal stress to improve GMI effect. As a result, the GMI ratio has
been achieved up to 500% and pronounced its high ﬁeld sensitivity
into the gigahertz frequency range. Tiberto et al. [26] performed
both Joule-heating and conventional furnace annealing studies on
microwires and measured GMI at high frequency (45 MHze6 GHz).
It was found that the Joule-heating technique improved the GMI
ratio but the conventional technique did not. However, the authors
note that crystallization in the amorphous microwires can deteri-
orate the GMI effect.
Alternative approaches such as cryogenic Joule [19], twin-zone
[21], combined current-modulation [27], square-wave pulse cur-
rent [28], and accumulated dc annealing [29] have been developed
to successfully improve GMI response and ﬁeld sensitivity of Co-
based amorphous microwires. It has been shown that the GMI ra-
tio of melt-extracted microwires increases up to 368.7% and ach-
ieved a ﬁeld sensitivity up to 623.5%/Oe, which are desirable for
high performance ﬁeld-sensor applications [27]. However, these
studies were limited in low and intermediate frequency regimes
(less than 20 MHz) where maximal values of GMI ratio have not
been observed.
As mentioned previously, tailoring the magnetic microwires
under proper conditions shows the signiﬁcant improvement of the
GMI ratio. Although obtaining the higher ratio is an important
parameter, the corresponding magnetic ﬁeld sensitivity ðhÞ, which
determines a sensor's qualities, must be scrutinized. The high fre-
quency GMI response possesses two peaks due to the existence of
the circular magnetic anisotropy in the microwires [30,31]. This
two-peak feature, which noticeably has a maximum at low ﬁeld
region (on the order of a few Oersted). The ﬁeld location of the peak
is related to the anisotropy ﬁeld (Hk). In order to retain both small
Hk and high magnetic permeability of the microwires, the peak-
location and peak-depth of the GMI-response must be optimized.
Of particular interest is the large depth of the GMI response near
zero ﬁeld, which has been extensively exploited for making highly
sensitive GMI-based sensors for a weak ﬁeld detection [32e36].
In this study, we enhanced the low-ﬁeld GMI response in melt-
extracted amorphous Co69.25Fe4.25Si13B13.5 microwires by means of
Joule-heating. The trade-off between dc current amplitudes and
annealing time was systematically optimized in order to reﬁne the
domain microstructures and circular magnetic anisotropy of the
amorphous microwires over a high frequency range
(20 MHze1 GHz) for the development of highly sensitive, high
frequency GMI-based sensors.
2. Experiment
The amorphous magnetic microwires with a nominal compo-
sition of Co69.25Fe4.25Si13B13.5 (in wt%) were fabricated by a melt-
extraction method described elsewhere [12,16]. The atomic
weight percent of the elements present in the amorphous micro-
wires was investigated by energy dispersive spectroscopy (EDS)
using a JEOL JSM-6390LV SEM. The EDS spectra show 69.25 wt% of
Co (used as a normalized element), 4.56 wt% of Fe (S.D. ¼ 0.10), and14.44 wt% of Si (S.D. ¼ 1.10). Three sets of the as-cast microwires
with diameter about 40 mm and 10 mm in length were cut and
prepared from strands. The ﬁrst set of the microwires was annealed
with dc current amplitudes of 5mA,10mA, and 20mA for 10min to
compare the effect of current amplitude on GMI response. Then, the
second and third sets were subjected by the same current in-
tensities for 20 and 30 min, respectively. The complex impedance
was measured in the frequency range of 20 MHze 1 GHz using the
HP4191A RF impedance analyzer via a transmission line technique
[37]. An axial magnetic ﬁeld (Hdc) was applied to the samples in the
range ±115 Oe by employing a Helmholtz coil. The resistance (R),
reactance (X), and complex impedance (Z) were recorded using a
general purpose interface bus (GPIB) and LabVIEW data acquisition
program through a computer.
We deﬁne the GMI ratio (MI) as
DZ
Z
¼ ZðHÞ  ZðHmaxÞ
ZðHmaxÞ  100%; (1)
where Z(H) is complex impedance at the ﬁeld H, and Hmax repre-
sents the maximum induced magnetic ﬁeld by the Helmholtz coil
(Hmax ¼ 115 Oe). Furthermore, we deﬁne magneto-resistance (MR),
magneto-reactance (MX) the same as Eq. (1) with R and X inter-
changed with Z. The magnetic ﬁeld sensitivity (h) is deﬁned as
h ¼ d
dH

DZ
Z

; (2)
where Z ¼ R þ jX, and j is an imaginary unit.3. Results and discussion
The amorphous nature of the microwires was characterized by
an X-ray diffractometer (XRD) using a Bruker AXS D8 Focus
Diffractometer. As seen from Fig. 1 (a), the XRD pattern presents a
broad hump feature at the diffracted angle of ~45, which repre-
sents short-range order of a-CoFe-phase embedded in an amor-
phous matrix. The insets show high-resolution transmission
electron microscopy (HRTEM) of the amorphous microwires (as-
cast) and the corresponding electron diffraction pattern. The
scanning electronmicroscopy (SEM)micrographs of the as-cast and
annealed microwires (5 mA, 20 min) are shown in Fig. 1(b)e(c),
respectively. The composed elements, as mentioned earlier, were
conﬁrmed using EDS as shown in Fig. 1(d).
Fig. 2 shows the ﬁeld dependence of resistance (R), reactance
(X), and impedance (Z) of the as-cast (black square) and Joule-
annealed microwires (red circle) at 5 mA for 20 min for selected
frequencies (20, 100, and 300 MHz). It can be observed in
Fig. 2(a)e(i) that R, X, and Z apparently increase with increasing
frequency and exhibit a two-peak feature. The two-peak behavior
of a high frequency GMI effect ensures the circular magnetic
anisotropy (Hk) in the amorphous microwires and can be described
as follows [2,38]: (i) atHdc<Hk, the acmagnetizationmechanism of
the outer shell circular domains depends on the superimposed ﬁeld
of Hac (the induced ac ﬁeld was induced by ac current), Hk, and Hdc.
Owing to the inhomogeneous magnetic anisotropy in glassy
microwires, the outer shell domains are not fully aligned in the
circular direction and the domain conﬁgurations are tilted toward
an arbitrary direction. With increasing Hdc in the axial direction,
domain-wall movement and the rotational magnetization pro-
cesses re-arrange domains due to a response from the super-
imposed ﬁeld. Once the circular domains are oriented in their
preferable positions, the ac magnetization process is easier, which
makes the relative circumferential permeability increase. In fact,
the relative circumferential permeability reaches its highest value
Fig. 1. (a) XRD pattern of amorphous Co69.25Fe4.25Si13B13.5 microwires for as-cast and annealed samples (5 mA, 20 min). Insets show the HRTEM image of the as-cast microwire and
the corresponding electron diffraction pattern. (b) SEM image of the as-cast microwire, its inset shows an enlarged image. (c) SEM image of the annealed microwire (5 mA, 20 min).
(d) EDS spectra of the as-cast microwire.
Fig. 2. Field dependence of the resistance (R), reactance (X), and impedance (Z) of as-cast and annealed samples (5 mA, 20 min) at 20 MHz (a)e(c), 100 MHz (d)e(f) and
300 MHz (g)e(i).
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deﬁned as Hk. (ii) at Hdc > Hk, the GMI effect constantly decreases
with increasing Hdc, since the dominant ﬁeld is in the axial direc-
tion. This reduces the ac circumferential permeability of the
amorphous microwires. Z gradually decreases following a quasi-
logarithmic behavior with Hdc increasing.
It is worth mentioning from Fig. 2(a)e(c) that the as-cast
microwire displays R, X and Z-broadened peaks in comparison
with the annealed sample (5 mA, 20 min). These sharper peaks
obtained from the annealed sample at a smallHdc regime (~1e2 Oe)
obviously promote the GMI ratios and h, which is attractive for
sensing technology applications. Nonetheless, they are much less
pronounced at higher frequencies, as shown in Fig. 2(d)e(i),considering the deterioration of the GMI effect in the high fre-
quency regime. In addition, R apparently contributesmore to Z than
X does at 20 MHz, but both R and X signiﬁcantly contribute to Z at
100 and 300 MHz.
In order to appreciate the enhanced GMI effect in the amor-
phous microwires annealed by Joule-heating, the ﬁeld-dependent
transport properties (MR, MX, and MI) have been studied in
detail. Fig. 3(a)e(i) shows the ﬁeld dependence of the MR, MX, and
MI of the as-cast (black square) and annealed samples (red circle) at
5 mA for 20 min. The greatest improvement in the GMI ratios was
observed at 20 MHz. At this frequency in particular, MR has a larger
contribution to MI than MX. It is well known that the low tem-
perature annealing has the effect of the removal of local defects and
Fig. 3. Field dependence of the magneto-resistance (MR), magneto-reactance (MX), and magneto-impedance (MI) of as-cast and annealed samples (5 mA, 20 min) at 20 MHz
(a)e(c), 100 MHz (d)e(f) and 300 MHz (g)e(i).
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related to the rotational magnetization process, the remarkable
change implies that reducing local defects (accompanied by a self-
induced magnetic ﬁeld) provided an enhanced rotational perme-
ability in the circumferential direction. However, at 100 and
300 MHz the MI ratio (Fig. 3(f), (i)) only slightly increases from the
as-cast value. Unlike the enhancement inMX at 20MHz, the ratio at
higher frequencies does not improve. When the excitation fre-
quency increases, the current gets distributed near the surface of
the sample, where the circular magnetic anisotropy is prominent.
As a consequence, the rotational motion of magnetization plays an
essential role in GMI response to the static magnetic ﬁeld. There-
fore, at rather high frequency regime, the low-current annealing
has less pronounced GMI improvement because of the suppression
of the domain-wall displacement and the skin effect [20].
The frequency dependence of the maximum GMI ratio is shown
in Fig. 4 (a) for the as-cast and Joule-annealed microwires (the
microwires were annealed at different currents of 5 mA,10mA, and
20mA for 20min). Fig. 4(b) shows various annealing times for 5mA
current. As seen from Fig. 4(a) and (b), Joule-heating by the current
amplitude of 5 mA for 20 min (red circle) markedly promotes GMI
ratios up to 610% which is 1.6 times of 380% for the as-cast one at
fz 20 MHz. In addition, the sample annealed for 10 min at 20 mA
(not shown) had a signiﬁcantly improved GMI ratio about 460% at
fz 20 MHz. Therefore, the low amplitude and self-induced ﬁeld of
the annealing current enhances the GMI ratio of the amorphous
microwires.
As mentioned previously, the sharpness of the dip in the MI
(Fig. 3) at near-zero Hdc is a crucial component to consider for a
weak-ﬁeld sensing applications. The h and Hk are shown in Fig. 4 (c)
and (d), respectively. As seen from Fig. 4 (c), the maximum h of the
annealed microwires rapidly increases up to 375%/Oe (10 min,
20 mA) and 500%/Oe (20 min, 5 mA), which are 1.7, and 2.2 times of
225%/Oe (as-cast state) at fz 40 MHz, respectively. The peak in the
sensitivity at fz 40 MHz indicates the sensor applied region (SAR)
for sensor applications should be between 20 and 60MHz, which is
desirable for high frequency magnetic sensors.
An additional remark about Fig. 4(c) is that while h of the
microwire annealed at 5 mA for 20 min (red circle) improves over
the entire measured frequency spectrum, the microwire annealed
at 20 mA for 10 min only improves h up to 350 MHz. The deterio-
rated GMI effect above 350 MHz for the latter case (20 mA, 10 min)
relative to the as-cast microwire may be caused by the decreasing
circumferential permeability owing to partial surfacecrystallization. This can be associated with the frequency depen-
dence of Hk of the annealed microwires as compared to the as-cast
sample (see Fig. 4(d)). For the optimum annealing condition (5 mA,
20min), the Hk is roughly comparable to that of the as-cast one, but
with higher current annealing (20 mA, 10 min) the Hk has notice-
ably increased. This shows that the magneto-crystalline anisotropy
has increased comparing with the as-cast microwire, possibly due
to the partial crystallization of Co-rich microwires leading to a
decreased GMI effect [20,39,40]. It is worth mentioning here that
relative to the as-cast microwire, the optimally annealed microwire
(5 mA, 20 min) possesses a much larger peak-depth of the GMI-
response (Fig. 3) while a comparable Hk (Fig. 4(d)), resulting in
the much greater h for this sample (Fig. 4(c)). This result suggests
that this Joule annealing did not signiﬁcantly alter the amorphous
state and the circumferential domain structure of the as-cast
microwire but partially released residual stresses leading to the
enhanced response of circumferential permeability to a dc mag-
netic ﬁeld.
To verify this hypothesis, the evolution of outer shell domain
structure by low current heating process has been studied, and the
MFM images are shown in Fig. 5. As one can see in this ﬁgure, both
as-cast and annealed microwires (5 mA, 20 min) possess a typical
circumferential domain structure. In case of the annealed micro-
wire, however, the circumferential domain structure is more uni-
form resulting from the residual-stress relief. The similar domain
patterns observed for both the as-cast and annealed samples are
fully consistent with their above reported similar values of Hk
(Fig. 4(d)). As a result, this domain adjustment plays a crucial role in
improving GMI ratio and h. The amorphous microwire structures
retain intrinsic soft ferromagnetic properties without any major
modiﬁcation to the domain conﬁguration as a result of low current
Joule heating [27,29]. Therefore, Joule-heating method is a suitable
alternative technique to promote high-frequency GMI effect in the
amorphous microwires for low ﬁeld sensing applications.4. Conclusions
We have systematically studied the high frequency GMI
response in melt-extracted amorphous Co69.25Fe4.25Si13B13.5
microwires using Joule-heating technique. We found that the
application of a small dc current for a suitable time to the amor-
phous microwires promoted the GMI effect and magnetic ﬁeld
sensitivity. The optimum annealed parameters of 5 mA for 20 min
remarkably improved GMI ratio, and its ﬁeld sensitivity up to 610%
Fig. 4. The frequency dependence of the maximum GMI ratio for the as-cast and annealed samples (a) with different amplitudes of current annealing; 5 mA, 10 mA, and 20 mA for
20 min, and (b) with different annealed times; 10 min, 20 min, and 30 min for 5 mA, respectively. Frequency dependence of (c) ﬁeld sensitivity (h) and (d) anisotropy ﬁeld (Hk) of as-
cast and the annealed samples which improve GMI ratio. The inset plots shown in (c) are ﬁeld dependent h at 40 MHz. (d) The anisotropy ﬁeld for the annealed microwires in
comparison with the as-cast sample. The inset in (d) shows the low frequency portion of the Hk.
Fig. 5. MFM images showing surface circumferential domain structures of (a) as-cast and (b) annealed samples (5 mA, 20 min) for two and three dimensions, respectively.
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two times of the as-cast) at fz 40 MHz, respectively. Low current
annealing relieved the residual stress generated during the fabri-
cation process and enhanced circular outer shell domain structure
without major modiﬁcations of the amorphous microstructures.
This alternative tailoring method improves GMI effect foramorphous microwires and can be practically applied for GMI-
based sensors in the high-frequency range.
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